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Edited by Michael SussmanAbstract Functional expression studies in microorganisms
showed that the Arabidopsis thaliana gene At4g04870 represents
the cardiolipin synthase (CLS) gene encoding a hydrophobic pre-
protein of 38 kDa with a cleavable signal peptide for the import
into mitochondria. CLS of Arabidopsis over-expressed in Esche-
richia coli has an alkaline pH optimum, a strict requirement for
divalent cations and a distinctly lower Km for cytidinediphos-
phate-diacylglycerol than for phosphatidylglycerol. It displayed
a preference for both its substrates esteriﬁed with unsaturated
acyl groups. Solubilization and puriﬁcation experiments revealed
that the protein requires a deﬁned phospholipid environment,
particularly the presence of cardiolipin, to acquire its catalyti-
cally active conformation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cardiolipin (CL) is an anionic membrane phospholipid with
a unique tetraacyl structure that consists of two phosphatidyl
groups linked by a glycerol moiety. It constitutes the cytoplas-
mic membrane of various bacteria and represents the marker
lipid of mitochondria in eukaryotes, where CL is located in
the inner membrane and in the contact sites between the two
membrane systems [1]. Biochemical studies provided evidence
for the importance of CL in the structure and function of var-
ious mitochondrial protein complexes [1,2]. The analysis of
yeast and mammalian mutants deﬁcient or defective in either
CL or phosphatidylglycerol (PG) biosynthesis showed that
mitochondria require a deﬁned level of anionic membrane lip-
ids for their biogenesis and function, but PG can largely sub-
stitute for CL [3–8]. The latter one, however, appears to be
indispensable for optimal mitochondrial function and growthAbbreviations: CDP-DAG, cytidinediphosphate-diacylglycerol; CL,
cardiolipin; CLS, cardiolipin synthase; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PGP, phosphat-
idylglycerophosphate; PI, phosphatidylinositol
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[9–14].
In all eukaryotes, CL biosynthesis occurs in the inner mito-
chondrial membrane via three sequential reactions [1]. The
ﬁrst, rate-limiting step is catalyzed by a phosphatidylglycero-
phosphate (PGP) synthase that transfers a phosphatidyl group
from cytidinediphosphate-diacylglycerol (CDP-DAG) to glyc-
erol-3-phosphate yielding PGP that is rapidly dephosphoryl-
ated by a PGP phosphatase to PG. Finally, a cardiolipin
synthase (CLS) transfers a phosphatidyl group from CDP-
DAG to PG so that CL is formed. Because of the eﬀectiveness
of the CLS in converting PG into CL, mitochondrial mem-
branes contain trace amounts of PG only [15]. While the bio-
synthetic pathway of PG is conserved in nature, the
mitochondrial CL synthesis diﬀers from the bacterial one,
where the CLS catalyzes a condensation reaction between
two PG molecules that can only proceed in the presence of a
relatively high substrate concentration [1]. CLSs of bacteria,
yeast and mammalian cells were puriﬁed and characterized
[16–19] and the respective genes of bacteria and yeast were
cloned [3–5,20]. Hence, substantial information on the enzyme
from these organisms is available. On the other hand, CLS of
plants has only been investigated with regard to its properties
in mitochondrial membranes [21,22].
To gain access to the plant protein and to investigate the
functional role of PG and CL in plant mitochondria, we have
continued our characterization of genes of Arabidopsis thaliana
encoding putative CDP-DAG dependent enzymes [23]. Here,
we report that the Arabidopsis gene At4g04870 annotated as
mitochondrial PGP synthase [24] encodes a CLS. In addition,
the properties of the enzyme over-expressed in microorganisms
are presented.2. Material and methods
2.1. Construction of CLS expression vectors
The open reading frame of the Arabidopsis gene At4g04870 (Acces-
sion Nos.: AY059735, AY091269, NM116725) was ampliﬁed by RT-
PCR with the One-Step RT-PCR-Kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturers instructions using mRNA
isolated form the Arabidopsis ecotype Columbia and the primers
ATGGCGATTTACAGATCTCTAAGAAAGCTAG and ACT-
ATGATCTCTTAATCATAGATATAG. PCR products were cloned
into the pBAD TOPO vector using the pBAD TOPO TA Expression
Kit (Invitrogen, Groningen, The Netherlands) and sequenced. For
expression in E. coli, the truncated open reading frame lacking the pre-
dicted mitochondrial signal sequence was cloned into pBAD-TOPO so
that either the 3 0 region was unaltered or the His tag sequence was
introduced by use of a modiﬁed primer giving the constructs pBCS
and pBCS+, respectively. For expression in yeast, the whole open read-
ing frame without and with the His tag sequence at its 3 0 end wasblished by Elsevier B.V. All rights reserved.
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pYCS+. The restriction sites required for cloning were added by
PCR and the correctness of the constructs was veriﬁed by sequencing.2.2. Strain cultivation and preparation of subcellular fractions
E. coli TOP10 (Invitrogen) was used for expression studies. This
strain was cultivated at 37 C and exponentially growing cultures
were induced with 0.2% (w/v) L-arabinose and 1 mM isopropyl-b-
D-thiogactopyranoside. Cells were harvested 3 h after induction,
washed and used for the preparation of soluble protein and mem-
brane fractions as described before [23]. For expression in Saccharo-
myces cerevisiae, the crd1 deletion strain (Mat a, ura3-52, trp1D63,
leu2D1, his3D200, cls1::KanMX4) lacking CLS activity [4] was culti-
vated in minimal medium containing 2% glucose and protein expres-
sion was induced by exchanging the growth medium against medium
containing 2% galactose. Cells were harvested 24 h after induction
and mitochondria and microsomal membranes were prepared as de-
scribed by Zinser and Daum [25]. Subcellular fractions were stored
in 20 mM Tris–HCl pH 7.8, containing 50% glycerol at 20 C. Pro-
tein was determined using Protein Assay (Bio-Rad, Hercules, CA,
USA) and bovine serum albumin as standard. Standard methods
were used for SDS–PAGE analysis. For Western blotting Penta Æ
HISe antibody and 6 ·HIS protein ladder (Qiagen) were used fol-
lowing the manufacturers protocol.2.3. CLS solubilization and partial puriﬁcation
Recombinant CLS over-expressed in E. coli cells was solubilized by
extracting the bacterial membranes with 0.25% (w/v) Zwittergent 3–14
(Anatrace, Inc., Maumee, OH, USA) and a protein detergent ratio of
about 1.5 in 25 mM Tricine–HCl pH 8 and 25% (v/v) glycerol for
30 min on ice. Subsequently, solubilized protein fractions were sepa-
rated from unsolubilized ones by ultracentrifugation at 120000·g for
40 min and loaded on a UNOsphere Q anion exchange column (Bio-
Rad). The column was washed with buﬀer A (25 mM Tricine–HCl
pH 8, 0.1% Zwittergent 3–14, 20% (v/v) glycerol) and eluted with step-
wise increased KCl concentrations in buﬀer A (0.2–1 M).2.4. Enzyme assays
CLS activity was assayed and CDP-dioleoyl-[U-14C]glycerol was
synthesized from sn-[U-14C]glycerol (150 mCi/mmol, Amersham Bio-
sciences Europe GmbH, Freiburg, Germany) as outlined by Frentzen
and Griebau [22]. Standard reaction mixtures contained 50 mM BTP-
HCl pH 8.8, 20 mM MnCl2, 600 lM PG, 2 lM CDP-dioleoyl-
[U-14C]glycerol and enzyme fractions of up to 5 lg protein in total
volume of 50 ll. After a 30 min incubation at 30 C, reactions were
stopped and lipids were extracted with 240 ll ch1oroform:methanol
(l:l, v/v) containing 50 lg CL and 100 ll 0.2 M H3P04, 1 M KCl. After
phase separation, the chloroform layers were analyzed by TLC on bo-
ric acid impregnated Silica Gel 60 (Merck, Darmstadt, Germany)
plates in chloroform:methanol:water:ammonia (70:30:3:2, v/v). Radio-
actively labeled lipids were visualized with a Bioimager FLA 3000
(Raytest, Straubing, Germany) and quantiﬁed by scintillation count-
ing.
PGP and phosphatidylcholine (PC) synthase activities of yeast were
measured as described by Kuchler et al. [26] and PGP synthase of
plants was assayed as described before [23].Fig. 1. Functional expression of the CLS cDNA from Arabidopsis in
E. coli. (A) Western blot analysis of the soluble protein fraction (lane
a) and the membrane fraction (lanes b and c) from E. coli cells
expressing the Arabidopsis construct pBCS+ using His antibodies (lane
a, 10 lg protein; lane b, 2 lg protein; lane c, 5 lg protein; the 36 kDa
protein was undetectable in the respective control fractions of E. coli
cells harboring the empty vector). (B) Analysis of the reaction products
formed from labeled CDP-DAG and unlabeled PG (lanes a and b) or
unlabeled glycerol 3-phosphate (lane c) by membrane fractions of
E. coli harboring either the empty vector (lane a) or the Arabidopsis
pBCS+ construct (lanes b and c). The same results as those shown in
lanes b and c were obtained with bacterial membrane fractions
carrying the CLS protein without a C-terminal His tag.3. Results and discussion
3.1. Identiﬁcation of the Arabidopsis gene encoding a CLS
The At4g04870 gene of Arabidopsis encodes a polypeptide
with a length of 341 amino acids, at least one predicted mem-
brane spanning domain in its C-terminal region [27] and a
predicted cleavable transit peptide of 28 amino acids at its
N-terminus for the import into mitochondria [28,29]. The
polypeptide contains the typical CDP-alcohol binding motif
in its central region and shows signiﬁcant similarity to bacterial
and plant PGP synthases [20,23,30,31] as well as to the CLS of
yeast [3–5].In order to functionally characterize the At4g04870 gene, the
open reading frame lacking the putative transit peptide se-
quence was over-expressed in E. coli as recombinant proteins
with and without a His-tag at the C-terminus. Soluble and
membrane fractions of the transgenic cells harboring either a
construct or the empty vector as a control were analyzed by
Western Blots and used for enzyme assays with labeled
CDP-DAG and unlabeled PG or glycerol-3-phosphate. As
shown in Fig. 1A, the recombinant Arabidopsis protein of 36
kDa accumulated in signiﬁcant levels in the membranes of
the bacterial cells, but it was undetectable in the respective sol-
uble protein fractions and the control fractions. Moreover, the
analyses of the reaction products formed by the membrane
fractions from labeled CDP-DAG and unlabeled PG revealed
that the fractions bearing an Arabidopsis protein produced
appreciably higher levels of CL than the control fractions
(Fig. 1B). The addition of a His-tag at the C-terminus of the
protein was found to have no obvious eﬀect on its CLS activ-
ity. In contrast to CL synthesis, the expression of the Arabid-
opsis sequence did not increase the labeling rates of PGP or
PG within the membranes, no matter whether PG was substi-
tuted by glycerol-3-phophate in the enzyme assay (Fig. 1B) or
assay conditions optimized for plant PGP synthases were used
[23]. Hence, these data suggest that the At4g04870 gene of Ara-
bidopsis does not encode a PGP synthase but a CLS.
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by expressing its open reading frame in a S. cerevisiae mutant
strain deﬁcient in CL synthesis [4]. While in membrane frac-
tions of cells carrying the empty vector CLS activity was not
detectable (data not shown), the membrane fractions of yeast
cells expressing the Arabidopsis CLS gene clearly displayed
CLS activity which was distinctly higher in crude mitochon-
drial fractions than in microsomal fractions (Fig. 2). Thus, it
showed an activity pattern similar to the yeast PGP synthase
located in the inner mitochondrial membrane, but diﬀerent
to the yeast PC synthase located in the endoplasmic reticulum
(Fig. 2). In summary, the data provide strong evidence that
At4g04870 represents the CLS gene of Arabidopsis and suggest
that the preprotein expressed in yeast can be imported into
mitochondria and processed to a catalytically active protein.
Our data are in line with those recently published by Katay-
ama et al. [32] showing that the CLS encoded by At4g04870
was targeted into plant mitochondria and functionally
expressed in E. coli.
In contrast to our experiments, Katayama et al. [32] demon-
strated CLS activity with the Arabidopsis protein lacking not
28 but 100 amino acids at the N-terminus of the preprotein.
On the other hand, a deletion of 30 amino acids at the C-
terminus of the mature protein resulted in a complete loss of
enzymatic activity although the protein accumulated in the
bacterial membranes in levels similar to those depicted in
Fig. 1A. This C-terminal deletion was found to have an even
more severe eﬀect on CLS activity than a substitution of gly-
cine 199, one of the two highly conserved glycine groups within
the CDP-alcohol binding motif, by an aspartate group that
gave a CLS protein possessing low but signiﬁcant enzymatic
activity (about 10% of wild type activity). Hence, apart from
the central domain, the C-terminal region unlike the N-termi-
nal one is conserved in CDP-alcohol phosphotransferases [32]
and appears to be indispensable for CLS activity.
3.2. Properties of the Arabidopsis CLS
To determine the properties of the CLS of Arabidopsis, the
recombinant protein over-expressed in E. coli was used as en-
zyme source. The enzyme displayed an alkaline pH optimum
of about 9 and required divalent cations for activity. Highest
activities were measured in the presence of 20 mM MnCl2,Fig. 2. Functional expression of the Arabidopsis CLS cDNA in
Saccharomyces cerivisiae. Relative activities of CLS (dark gray bars) as
well as of endogenous PGP synthase (white bars) and PC synthase
(light gray bars) in mitochondrial and microsomal fractions of the
yeast cdr1 deletion strain harboring an Arabidopsis pYCS construct are
given (100% CLS activity corresponds to 72 pmol/min/mg protein).while MgCl2 or CoCl2 stimulated the activity only slightly
(data not shown). Hence, the CLS displayed the same divalent
cation speciﬁcity as the PGP synthases, but the enzymes diﬀer
with regard to their sensitivity towards detergents [23]. While
PGP synthase activities were stimulated by Triton X-100
[23], that of CLS was severely inhibited by detergents. Even
low concentrations of about 0.2 mM Triton X-100 or Zwitter-
gent 3–14 gave a 50% inhibition while concentrations higher
than 0.6 mM resulted in an almost complete inhibition. With
regard to its detergent sensitivity, the Arabidopsis CLS resem-
bles the respective enzyme from rat liver [18] but diﬀers from
the yeast CLS, the activity of which was stimulated by Triton
X-100 up to a concentration of 3 mM [33].
The Arabidopsis CLS showed maximal activities at 600 lM
PG and 2.5 lM CDP-DAG and apparent Km values of about
150 and 1.4 lM, respectively, with the dioleoyl species of the
two substrates (Figs. 3 and 4A). Under optimal conditions,
the CL synthesis rates were found to be constant for at least
30 min and up to a protein amount of at least 5 lg. Speciﬁc
CLS activities of about 250 ± 50 mmol/min/mg protein were
determined in the bacterial membrane fractions, which were
about 20-fold higher than those of isolated mitochondrial frac-
tions from Arabidopsis cell suspension cultures [34]. As de-
picted in Fig. 3, the CLS was less active with PG species
carrying one or two palmitoyl groups than with the dioleoyl
species of PG. In addition, CDP-dipalmitoylglycerol hardly
competed with CDP-dioleolyglycerol as substrate (Fig. 4B).
Consequently, the Arabidopsis CLS displays properties very
similar to those of the respective enzymes from mung bean and
cucumber [22] as well as from other eukaryotes [1]. An alkaline
pH optimum, an absolute requirement for divalent cations and
distinctly lower Km values for CDP-DAG than for PG appear
to be typical properties of the mitochondrial CLS from various
eukaryotes. The enzymes, however, diﬀer with regard to their
cation and substrate species speciﬁcities [1,22].0
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Fig. 3. PG species speciﬁcity of the Arabidopsis CLS. Formation rates
of CL by the CLS expressed in E. coli are given as a function of the
concentration of three diﬀerent PG species (d, dioleoyl; h, 1-
palmitoyl-2-oleoyl species; s, dipalmitoyl).
Fig. 4. CDP-DAG dependency (A) and CDP-DAG species selectivity
(B) of the Arabidopsis CLS activity. (A) Formation rates of CL by the
CLS expressed in E. coli as a function of the CDP-dioleoyl[U-14C]glyc-
erol concentration. (B) Eﬀect of increasing concentrations of unlabeled
CDP-dipalmitoylglycerol (s) or CDP-dioleoylglycerol (d) on the
incorporation rates of 1.2 lM CDP-dioleoyl[U-14C]glycerol into CL.
Fig. 5. Reactivation of a partially puriﬁed Arabidopsis CLS by
phospholipids. Enzyme assays were carried out with a Mono Q eluate
in the presence of 0.22 mM Zwittergent 3–14 and the given phospho-
lipid concentrations (PE/CL, 2/1 mixture of the two phospholipids).
CLS activity is given as stimulation rate relative to the activity without
phospholipids.
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bacterial membranes were extracted with Zwittergent 3–14 or
Triton X-100 under various conditions. Best results were ob-
tained with Zwittergent 3–14 at a ﬁnal concentration of
0.25% (w/v) and a detergent/protein ratio of about 1.5. Under
these conditions up to 90% CLS was solubilized. The addition
of salts up to a ﬁnal concentration of 1 M improved the solu-
bilization rate by a few percent only. Therefore salt was omit-
ted during membrane extraction so that the solubilized protein
fractions obtained by high speed centrifugation could be di-
rectly loaded on an anion exchange column. CLS activity
was detected in the protein fractions eluted with 1 M salt from
the column, but the recovery of enzymatic activity was very
low even when the inhibition caused by the detergent concen-
tration in the assay was considered.
Partial reconstitution of the CLS activity was achieved by
addition of phospholipids. As shown in Fig. 5, CL eﬀected a
distinctly higher reactivation than phosphatidylethanolamine
(PE) or a mixture of PE and CL, while PC, the major phospho-
lipid of mitochondrial membranes, stimulated the CLS activity
only slightly and phosphatidylinositol even inhibited the activ-
ity. Data similar to those depicted in Fig. 5 were obtained withpartially puriﬁed CLS fractions from mung bean mitochondria
(Frentzen, unpublished). These data provide strong evidence
that the CLS of plants require a deﬁned phospholipid environ-
ment, particularly the presence of CL, to acquire the catalyti-
cally active conformation. A phospholipid requirement has
also been reported for the CLS from rat liver, but unlike the
plant enzyme, the mammalian enzyme was found to require
interaction with both PE and CL for full enzymic activity
[18]. In summary, our data revealed similarities but also diﬀer-
ences between the CLS of plants and respective enzymes from
mammalian and yeast cells. Our currently conducted experi-
ments will show whether this holds also true with regard to
the functional role of CL in the mitochondria.
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